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Abstract 


Copolymers  of  vinylidene  fluoride  (VDF)  and  trlfluoroethylene  (TrFE), 
with  more  than  50  mole  percent  VDF  exhibit  D-E  hysteresis-  loops  at  room 
temperature  which  are  much  sharper  than  those  exhibited  by  various  crystal 
phases  of  the  PVDF  homopolymer.  For  the  copolymer  samples  investigated  here, 
appreciable  conductivity  develops  at  elevated  temperatures  which  in  the 
presence  of  electric  fields  leads  to  trapped  charges  in  the  polymer  film. 

These  charges  then  prevent  the  switching  of  dipoles  at  values  of  electric 
fields  that  were  previously  applied,  the  room  temperature  hysteresis  is 
greatly  reduced  and  polarization  through  the  thickness  of  the  film  is  highly 
non-uniform.  Upon  heating  the  copolymers  above  the  ferroelectric  to  para-, 
electric  transition  temperature,  the  polarization  is  destroyed,  the  space 
charges  are  apparently  released  and  room  temperature  hysteresis  is  restored. 
Experiments  with  aluminum  and  gold  electrodes  and  with  mica  blocking 
electrodes  lead  to  the  conclusion  that  the  charges  are  generated  internally 
and  are  not  Injected  from  the  electrodes. 
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Introduction 


The  piezoelectric  and  pyroelectric  properties  of  polyvinylidene  fluoride 
arise  primarily  from  the  remanant  polarization  that  can  be  achieved  by  orienting 
dipoles  in  the  crystalline  phases  of  the  polymer  in  a  strong  electric  field 
(1-3).  A  stable  polar  crystal  phase  is  of  paramount  importance  and  it  has  been 
shown  that  at  least  three  polymorphic  crystal  forms  of  PVDF  are  polar.  Forms  I, 
III,  and  IV  (4-6).  Transformations  between  some  of  the  crystal  phases  can  be 
achieved  by  mechanical  orientation,  thermal  annealing,  and  application  of  high 
electric  fields  (7,8). 

The  crystal  phase  can  also  be  strongly  influenced  by  copolymerization 
of  vinylidene  fluoride  with  monomers  such  as  vinyl  fluoride,  trifluoroethylene, 
and  tetrafluoroethylene  (9-11).  Copolymers  of  vinylidene  fluoride  and  trifluoro¬ 
ethylene  are  particularly  interesting.  Those  containing  more  than  50  mole  percent 
vinylidene  fluoride  can  be  made  piezoelectric  and  exhibit  a  ferroelectric  to 
paraelectric  transition  at  a  temperature  which  increases  with  Increasing 
vinylidene  fluoride  content  (11,12).  Some  compositions  are  amenable  to  electric 
field  induced  phase  changes  (13-16).  Since  the  complete  loss  of  polarization  is 
observed  at  temperatures  below  the  melting  point,  these  copolymers  are  also  of 
interest  for  comparing  experimental  data  with  predictions  from  models  of 
ferroelectricity  (17,18).  In  this  paper  we  report  some  effects  of  conduction, 
space  charge  and  loss  of  hysteresis  between  polarization  and  electric  field  which 
were  observed  during  an  investigation  of  these  copolymers. 

Experimental 

Samples  of  vinylidene  fluoride  -  trifluoroethylene  copolymer  were  kindly 
supplied  by  Oaikin  Kogyo  Co.,  Ltd.,  portions  of  which  were  used  in  earlier 
Investigations  (13-15).  Those  containing  65  and  73  mole  percent  vinylidene 
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fluoride  (hereafter  referred  to  as  65/35  or  73/27)  were  used  to  obtain  the 
data  in  this  report.  The  polymer  powder  was  molded  into  a  solid  pellet  in 
a  heated  and  evacuated  cell  which  is  commonly  used  to  press  KBr  pellets  for  IR 
studies.  Portions  of  such  a  pellet  were  then  pressed  Into  films  between 
Teflon  (19)  sheets  on  the  heated  platens  of  a  hydraulic  press.  Resulting' films 
were  65  to  100  urn  In  thickness  and  were  used  without  mechanically  stretching  to 
orient  polymer  chains. 

The  PVDF  homopolymer  reported  on  here  was  25  urn  capacitor  grade  polymer 
from  Kureha  Chemical  Industry  Co.,  Ltd.  To  obtain  films  containing  predominantly 
crystal  Form  I,  three  thicknesses  of  the  as-received  bi axially  oriented  film  were 
fused  together  between  the  heated  platens  of  a  hydraulic  press  and  then  drawn 
uniaxially  on  a  tensile  testing  machine  at  80  °C.  Films  containing  predominantly 
crystal  Form  II  were  obtained  by  drawing  the  previously  fused  films  at  155  °C. 

In  both  cases,  the  draw  ratio  was  about  4  to  1. 

2 

Aluminum  or  gold  electrodes,  usually  4.2  cm  in  area,  were  evaporated  onto 
the  films  without  any  surface  treatment.  In  one  case,  a  square  film  of  mica  2.5  cm 
on  a  side  and  5  to  7  pm  thick  was  placed  between  the  polymer  film  and  tin  foil 
electrodes  to  reduce  the  injection  of  charge  from  the  electrodes  into  the  polymer. 

Electrical  connection  to  the  samples  was  made  by  spring  loaded  clips  contacting 
extensions  of  the  evaporated  electrode  pattern.  For  poling,  the  samples  were 
iimersed  in  an  alkyl  benzene  transformer  fluid  which  could  later  be  easily  cleaned 
off  with  hexane.  Voltage  to  the  films  was  supplied  by  a  Trek  (19)  Model  610A  ampli¬ 
fier  (10  kV  maximum  output)  driven  by  a  triangular  wave  form  from  a  function 
generator.  In  some  cases,  the  output  of  the  function  generator  was  rectified 
before  being  amplified  so  that  only  the  positive  half  of  a  cycle  was  applied  to 
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the  sample  to  measure  charge  in  the  absence  of  any  "switching"  dipoles. 

The  low  voltage  electrode  was  connected  back  to  the  power  supply  through  an 
operational  amplifier  charge  meter. 

Pyroelectric  response  was  measured  in  a  cell  previously  described  (20)  in 
which  the  temperature  is  altered  at  about  0.5°/min  by  circulating  water  and  the 
resulting  pyroelectric  current  is  measured  by  a  low  impedance  current  amplifier. 

In  some  cases,  the  piezoelectric  response  to  hydrostatic  pressure  was  measured 
in  the  same  cell  by  admitting  helium  gas  and  measuring  the  current  resulting 
from  a  measured  rate  of  change  of  pressure. 

Polarization  distribution  or  implications  about  the  distribution  were 
obtained  by  a  thermal  pulse  technique  which  has  been  previously  described 
(21,22).  Briefly,  a  heat  pulse  is  absorbed  on  one  electrode  of  the  polymer  film  and 
the  transient  charge  response  is  measured  as  the  temperature  distribution  in 
the  film  approaches  equilibrium  in  a  known  manner. 

Calorimetric  data  were  obtained  on  a  Perkin-Elmer  Differential  Scanning 
Calorimeter  II  (19)  equipped  with  a  thermal  analysis  data  station. 

Results  and  Discussion 

The  published  hysteresis  curves  between  electric  displacement  and  electric 
field  for  polyvinyl idene  fluoride  under  a  variety  of  experimental  conditions  are 
so  numerous  that  no  attempt  is  made  here  to  be  complete  in  referring  to  them 
(23,24).  The  data  presented  in  Figure  1  are  shown  to  facilitate  comparison 
between  the  hysteresis  exhibited  by  a  65/35  VDF-TrFE  copolymer  and  two  different 
crystal  forms  of  the  PVDF  homopolymer.  In  the  case  of  PVDF,  data  are  shown  for 
biaxial  capacitor  grade  film  which  Is  a  mixture  of  crystal  phases  (Forms  I  and  II) 
and  for  films  prepared  so  that  the  crystal  phase  is  predominantly  Form  I  or 
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Form  II.  Poling  fields  in  excess  of  1.2  MV/cm  convert  crystals  of  the  anti  polar 
Form  II  to  the  polar  Form  IV.  Therefore  hysteresis  loops  obtained  for  films 
which  were  initially  Form  II  must  be  said  to  be  for  Form  IV.  Poling  fields  were 
limited  to  2  MV/cm  in  order  to  avoid  the  additional  transformation  of  Form  IV 
to  Form  I.  The  significant  differences  in  hysteresis  between  the  two  different 
crystal  phases  of  PVOF  is  that  Form  I  exhibits  a  much  smaller  coercive  field 
and  more  gradual  changes  in  polarization  with  field  than  does  Form  IV.  The 
lower  coercive  field  for  Form  I  relative  to  Form  IV  can  be  rationalized  in 
terms  of  the  larger  dipole  moment  to  interact  with  the  applied  field.  The  film 
containing  a  mixture  of  phases  exhibits  properties  intermediate  between  those  of 
the  individual  phases,  as  might  be  expected. 

In  Figure  1,  one  can  see  that  copolymerization  of  vinylidene  fluoride  with 
trifluoroethylene  significantly  alters  the  poling  characteristics  from  that  of  the 
homopolymer.  The  field  required  to  change  the  direction  of  polarization  is  much 
lower  and  the  reversal  takes  place  over  a  much  smaller  increment  of  field.  In 
the  copolymer  the  trifluoroethylene  units  cause  the  crystal  lattice  to  be 
slightly  expanded  over  that  of  Form  I  PVDF.  This  can  reduce  the  steric  hindrance 
to  rotation  of  the  chain  and  thus  allow  reorientation  at  lower  fields.  The 
data  shown  are  for  an  unoriented  copolymer  film  and  note  that  the  remanant 
polarization  is  nearly  the  same  as  for  the  oriented  films  of  homopolymer. 
Furthermore,  the  pyroelectric  coefficient  for  the  copolymer  is  significantly  larger 
than  for  the  homopolymer  at  similar  values  of  remanant  polarization  as  shown  in 
Table  I.  Measurements  to  ascertain  the  difference  in  properties  responsible  for 
these  effects  have  not  been  made.  It  should  be  noted  that  these  values  are  not 
the  maximum  that  can  be  obtained  for  any  particular  film  since  remanant  polarization 
can  be  increased  by  application  of  higher  electric  fields. 
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A  comparison  of  room  temperature  hysteresis  curves  between  the  52/48, 

65/35,  and  73/27  copolymers  is  made  in  Figure  2.  It  can  be  seen  that  the 

poling  characteristics  are  very  similar  for  all  three  compositions,-  the 

coercive  field  is  In  the  range  of  400  to  500  kv/cm,  the  change  in.  polarization 

with  field  at  this  point  Is  very  steep,  and  the  remanant  polarization  varies 
2 

from  5  to  7  uC/cm  .  The  data  for  the  52/48  copolymer  were  taken  from  reference 
25  and  refer  to  a  frequency  of  300  seconds  per  cycle  rather  than  the  60  seconds 
per  cycle  for  the  other  two  samples  but  there  is  virtually 'no  frequency  dependence 
at  this  temperature  (25).  The  starting  morphologies  of  these  three  copolymers  are 
considerably  different.  As  crystallized  from  the  melt,  the  52/48  copolymer 
consists  of  a  mixture  of  two  crystal  phases  in  which  the  chains  adopt  a  pre¬ 
dominantly  (TG)^  conformation  with  considerable  disorder  in  one  phase  and  a 
predominantly  all-trans  conformation  in  the  other  (13).  The  65/35  copolymer 
crystallizes  from  the  melt  almost  entirely  into  the  all-trans  conformation  with 
only  small  amounts  of  the  (TG) 3  conformation  while  the  73/27  copolymer  crystallizes 
entirely  in  the  all-trans  chain  conformation  (15).  However,  when  poled  the  chains 
of  all  compositions  adopt  the  all-trans  conformation  characteristic  of  the  Form  I 
crystal  phase  of  PVDF  and  the  hysteresis  loops  subsequent  to  the  initial  application 
of  the  field  are  very  similar.  We  find  that  the  pyroelectric  response  from  these 
samples  of  differing  composition  are  also  similar,  viz.  2.5  to  3.0  nC/cm2/K. 

However,  the  piezoelectric  properties  have  been  reported  to  be  different  because 
of  different  electro-mechanical  coupling  coefficients  (26). 

Although  the  ferroelectric  properties  of  the  copolymers  are  similar  at 
room  temperature,  they  are  not  similar  at  elevated  temperatures  because  of  an 
Intervening  ferroelectric  to  paraelectric  transition.  At  the  temperature  of  this 
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transition  which  increases  with  increasing  vinylidene  fluoride  content 
(11,15,27),  the  chain  conformation  within  the  crystal  changes.  We  concluded 
that  the  change  is  from  the  polar  all-trans  conformation  to  a  predominantly 
(TG)-j  conformation  with  no  net  dipole  perpendicular  to  the  chain  axis  (13-15). 
Others  conclude  that  the  high  temperature  conformation  is  predominantly  TTTG  TTTG' 
with  randomized  polarization  directions  in  the  crystal  (16).  In  any  event,  the 
transition  is  manifested  in  a  variety  of  measurements  such  as  IR  spectroscopy, 
dielectric  relaxation,  x-ray  diffraction,  and  differential  scanning  calorimetry. 
Before  presenting  the  results  of  poling  the  copolymers  at  elevated  temperatures, 
it  will  be  useful  to  show  DSC  data  for  these  samples. 

Figure  3  shows  DSC  data  obtained  from  the  65/35  copolymer.  Data  for  the 
unpoled,  as-received  powder  (shown  as  the  broken  line)  exhibit  two  broad  endo- 
therms  near  74  and  86  °C  in  the  vicinity  of  the  ferroelectric  to  paraelectric 
transition  and  a  sharp  endotherm  near  150  °C  which  corresponds  with  the  melting 
of  the  copolymer  crystals.  The  separation  of  the  two  peaks  near  80  °C  can  be 
altered  somewhat  by  annealing  conditions  (not  shown)  but  the  endotherms  remain 
broad  and  the  averaged  location  remains  about  the  same.  However,  upon  poling 
to  a  maximum  field  of  800  kV/cm  at  .0167  Hz  and  23  °C,  the  sub-melting  endotherm 
becomes  much  sharper,  increases  in  magnitude  from  2.8  cal/g  to  5.0  cal/g  and 
the  position  of  the  maximum  shifts  to  99.6  °C.  These  calorimetric  changes  are 
consistent  with  the  closer  packing  of  the  chains  in  poled  samples  as  seen  by 
x-ray  diffraction.  The  final  melting  temperature  and  heat  of  fusion  are 
unchanged  since  the  effects  of  poling  are  lost  at  the  sub-melting  transition. 

The  enthalpy,  change  of  5.0  cal/g  associated  with  the  crystal -crystal  transition 
In  the  poled  film  is  comparable  to  the  heat  of  fusion  of  6.5  cal/g  and  is  an 
Indication  of  the  large  amount  of  disorder  which  occurs  at  the  transition. 
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OSC  traces  obtained  from  the  73/27  copolymer  are  shown  in  Figure  4. 

Results  are  analogous  to  those  of  the  65/35  copolymer  in  that  poling  at 
650  kV/cm  at  room  temperature  increases  the  position  of  the  sub-melting 
peak  from  124.2  to  129.7  °C  and  increases  the  enthalpy  of  the  transition 
from  6.5  cal/g  to  8.5  cal/g.  The  observable  heat  of  fusion  and  peak  melting 
temperature  for  the  73/27  copolymer  are  6.2  cal/g  and  147.2  °C  respectively, 
independent  of  poling. 

Hysteresis  curves  obtained  on  the  65/35  copolymer  with  aluminum  electrodes 

at  a  series  of  increasing  temperatures  are  shown  in  Figure  5.  At  a  frequency 

of  .0167  Hz,  the  coercive  field  decreases  from  490  kV/cm  at  23  °C  to  440  kV/cm  at 

51  °C  and  the  remanant  polarization  (uncorrected  for  conduction  effects)  increases 

2 

from  4.9  to  5.4  yC/cm  over  the  same  temperature  interval.  At  70  °C,  the  nature 

of  the  hysteresis  loop  changes  drastically  even  though  this  is  well  below  the 

ferroelectric-paraelectric  transition  temperature  of  99.6  °C  for  a  poled  sample. 

The  remanant  polarization  is  greatly  diminished  and  the  increase  in  electric 

displacement  as  the  field  is  reduced  from  its  maximum  value  is  indicative  of 

conduction.  Furthermore,  when  the  sample  is  returned  to  room  temperature,  the 

hysteresis  loop  is  nearly  closed.  The  pyroelectric  response  of  2.9  nC/cm  K  obtained 

2 

after  the  first  poling  at  23  °C  has  been  reduced  to  1.1  nC/cm  K  at  the  conclusion 

of  the  cycles  shown  in  Figure  5.  After  15  months  at  room  temperature,  the 

2 

response  had  decayed  to  0.8  nC/cm  K  but  the  ability  to  pole  had  not  been  regained. 

After  the  long  time  at  room  temperature,  the  same  film  was  then  subjected  to 
10  minutes  annealing  in  an  air  oven  at  increasingly  higher  temperatures,  and 
subjected  to  the  poling  cycle  at  room  temperature  after  each  increment  in  tempera¬ 
ture.  Pyroelectric  activity  was  measured  after  each  poling  step  and  after  each 
annealing  step.  Only  after  annealing  at  110  °C  when  the  sample  was  completely 
depoled,  could  one  recover  the  initial  poling  characteristics  at  room  temperature. 
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When  poled  after  the  thermal  depoling,  the  remanant  polarization  was 
2 

5.9  nC/cm  ,  even  larger  than  the  initial  value,  and  the  pyroelectric  activity 

2 

was  correspondingly  larger,  3.2  nC/cm  K. 

The  uniformity  of  polarization  distribution  through  the  thickness  of  the 
film  was  measured  using  the  thermal  pulse  technique  (21,22).  Films  initially 
poled  at  room  temperature  exhibit  transient  responses  to  the  heat  pulse  typical 
of  films  that  are  poled  uniformly  throughout  the  sample.  However,  after  cycling 
the  electric  field  at  elevated  temperature,  where  the  hysteresis  loop  "closes", 
the  polarization  distribution  is  highly  non-uniform  as  indicated  by  the  results 
shown  in  Figure  6.  The  non-uniform  polarization  is  indicative  of  non-uniform 
electric  field  within  the  polymer  film. 

Similar  samples  with  aluminum  electrodes  were  subjected  to  heating  for  10 
minutes  at  successively  higher  temperatures  up  to  110  °C  in  the  absence  of  a 
field  and  then  the  electric  field  was  cycled  within  minutes  after  returning  to 
room  temperature.  In  this  case  there  was  no  deleterious  effect  on  the  hysteresis 
loop.  Thermal  cycling  in  the  absence  of  an  externally  applied  field  has  no  effect. 

Similar  experiments  were  conducted  on  the  73/27  copolymer  with  the  same 
general  results.  Hysteresis  loops  obtained  at  successively  higher  temperatures 
are  shown  in  Figure  7.  At  69.8  °C,  the  first  loop  obtained  is  very  large  with 
"rounding"  at  the  ends  indicative  of  conduction  losses.  With  repeated  cycling  at 
the  same  temperature  the  loop  becomes  progressively  smaller  as  indicated  by  the 
results  shown  for  the  20th  cycle  at  .0167  Hz.  The  half  loop  shown  in  the  center 
of  the  69.8  °C  data  was  obtained  by  applying  the  field  in  the  same  direction  as 
last  applied  so  that  no  switching  occurs  and  the  net  displacement  at  E=0  is 
indicative  of  dielectric  loss  or  conduction.  When  this  is  applied  as  a  correction 


to  the  data  after  20  cycles  at  69.8  °C,  it  would  appear  that  the  remanant 
polarization  is  only  2.3  yC/cm  compared  with  4.8  uC/cm"  at  25  °C.  However, 
these  types  of  curves  only  measure  the  "switching"  dipoles.,  and  it  seems  that  the 
ability  to  switch  the  direction  of  the  dipoles  is  being  lost. 

An  indication  of  the  polarization  distribution  across  the  thickness  of  the 
film  for  which  data  were  presented  in  Figure  7  can  be  obtained  from  thermal  pulse 
data.  The  sample  geometry  was  not  suitable  for  placing  in  the  cell  of  the  thermal 
pulse  apparatus  and  transformation  of  the  transient  to  obtain  a  polarization  dis¬ 
tribution  was  not  warranted.  However,  qualitative  conclusions  can  be  made  by 
examining  the  charge  transients  following  the  absorption  of  heat  on  one  electrode 
and  then  the  other.  Traces  of  these  transients  are  shown  in  Figure  8.  After 
poling  at  room  temperature  the  transients  obtained  from  the  two  sides  of  the  film 
(Figure  8a)  are  nearly  identical  which  is  indicative  of  uniform  polarization. 
However,  the  same  film  subjected  to  repeated  cycling  of  the  field  at  69.8  °C  yields 
transient  reponses  from  the  two  sides  which  are  very  different  (Figure  8b).  The 
transient  labelled  1  in  Figure  8b  shows  a  charge  response  at  short  times  which  is 
opposite  in  direction  to  that  at  long  times.  The  long  time  response  corresponds 
to  the  average  pyroelectric  response  or  average  polarization  and  the  early  time 
response  arises  primarily  from  the  portion  of  the  film  nearest  the  electrode  that 
absorbed  the  heat.  Therefore  the  film  near  the  pulsed  electrode  is  poled  in  a 
direction  opposite  to.  that  of  the  average.  Transient  2  of  Figure  8b  was  obtained 
from  the  same  film  when  the  opposite  electrode  absorbed  the  heat  pulse.  The  early 
response  is  in  the  same  direction  as  the  long  time  or  average  response  but  again 
one  can  see  evidence  for  a  reversal  of  polarization  direction  within  the  film. 
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The  appearance  of  conductivity  at  elevated  temperatures ,  the  loss  of  D-E 
hysteresis,  and  the  evidence  for  non-uniform  electric  fields  in  the  resultant 
films  are  all  indicative  of  space  charge  phenomena  that  distort  the  applied 
electric  field.  To  eliminate  the  possibility  of  generating  ions  from  reaction  of 
the  electrodes  with  HF  that  might  be  split  off  from  the  copolymers,  the  experiments 
on  the  73/27  copolymer  were  repeated  using  gold  electrodes.  The  same  type  of  results 
were  obtained.  At  69.9  °C,  the  hysteresis  loop  first  became  open  and  "rounded" 
but  upon  repeated  cycling  at  constant  temperature  it  became  progressively 
smaller.  Upon  returning  to  room  temperature  the  hysteresis  loop  remained 
"closed"  very  similar  to  that  shown  in  Figure  5  for  the  65/35  copolymer. 

Upon  annealing  at  successively  higher  temperatures  the  sample  became  completely 
depoled  at  an  oven  temperature  between  136  °C  and  150  °C  and  room  temperature 
hysteresis  was  restored  as  for  the  copolymer  described  earlier.  The  temperature 
at  which  depoling  occurred  in  the  73/27  copolymer  seems  to  be  higher  than  the 
DSC  sub-melting  transition  shown  in  Figure  4.  The  annealing  at  temperatures 
below  the  transition  may  have  increased  the  transition  temperature  as  shown  in 
a  report  by  Ohigashi  and  Koga  (26). 

In  order  to  distinguish  between  space  charges  which  arise  from  within  the 
polymer  film  and  those  which  might  be  injected  from  the  metal  electrodes, 

;the  hysteresis  behavior  using  thin  sheets  of  mica  placed  between  the  polymer  film 
and  tin  foil  electrodes  was  examined.  The  assembly  was  subjected  to  the  cyclic 
voltage  at  23  °C  at  a  frequency  of  0.05  Hz  yielding  the  hysteresis  loop  shown 
by  the  solid  line  in  the  top  part  of  Figure  9.  Cycling  the  voltage  only  in  the 
same  direction  as  last  "poled"  indicates  about  55  of  the  displacement  at  zero 
field  may  be  due  to  conduction.  The  assembly  was  heated  to  48  °C,  the  maximum 


voltage  was  reduced  slightly  to  avoid  breakdown  and  the  voltage  was  cycled  at 
.05  Hz.  At  48  °C,  the  loop  becomes  rounded,  does  not  return  to  the  same  dis¬ 
placement  on  successive  cycles,  and  becomes  much  more  "closed"  with  each 
successive  cycle  as  shown  by  the  first  three  cycles  in  the  center  of  Figure  9  and 
the  16th  cycle  shown  at  the  bottom  of  the  figure.  Upon  returning  to  room 
temperature,  one  finds  that  irreversible  changes  have  occurred  as  indicated  by  the 
much  narrower  hysteresis  loop  shown  by  the  broken  line  at  the  top  of  the  figure. 
Notice  that  the  horizontal  axis  in  Figure  9  is  the  voltage  applied  to  the  3-layer 
assembly  rather  than  the  electric  field  within  the  polymer.  The  division  of 
the  electric  field  across  the  polymer  and  the  mica  depends  not  only  on  the  relative 
dielectric  constant  but  varies  as  a  function  of  time  where  the  relaxation  time 
depends  upon  the  conductivities  in  the  two  materials  as  well  as  their  dielectric 
constants  (28).  Because  of  these  complexities,  the  field  within  the  polymer 
was  not  calculated.  However,  electrodes  were  painted  on  the  polymer  film  after 
the  above  voltage  cycles  in  order  to  measure  pyroelectric  response  and  its 
activity  was  essentially  zero.  If  the  electric  field  had  been  divided  according 
to  the  static  dielectric  constants  of  10  for  the  polymer  and  7  for  the  mica, 

the  polymer  would  have  experienced  a  field  in  excess  of  1  MV/cm  and  would  have 

2 

exhibited  a  pyroelectric  response  of  about  3  nC/cm  K.  Since  essentially  zero 
response  was  observed,  the  field  in  the  polymer  must  have  been  much  lower  or 
the  polarization  distribution  averages  close  to  zero.  Both  possibilities  could 
be  accounted  for  by  conduction  in  the  polymer.  Assuming  the  mica  prevents  the 
injection  of  charge,  the  charge  carriers  in  the  polymer  must  be  intrinsic  to  the 
polymer.  It  has  not  been  determined  whether  these  charges  arise  from  degradation 
of  the  polymer,  from  residual  polymerization  initiator,  or  from  other  impurities. 
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Other  investigators  (29)  have  experienced  similar  phenomena  in  these 
copolymers  but  the  source  of  the  samples  was  the  same  as  those  used  for  this 
report.  A  copolymer  of  vinylldene  fluoride  with  27%  tetrafluoroethylene  was 
also  found  to  exhibit  highly  non-uniform  polarizations  but  the  source  of  the 
conduction  in  that  case  was  also  unknown  (20). 

Conclusions 

At  room  temperature,  VDF/TrFE  copolymers  of  65/35  and. 73/27  compositions 
pole  much  more  readily  than  PVDF  homopolymer.  The  electric  field  has  been 
shown  to  improve  the  order  within  the  polar  crystal  which  is  reflected  in  an 
increased  enthalpy  associated  with  the  sub-melting  transition  at  the  ferroelectric 
to  paraelectric  point  and  a  shift  of  this  point  to  higher  temperatures.  For  the 
copolymers  investigated,  poling  at  elevated  temperatures  shows  evidence  of 
conduction  and  the  gradual  loss  of  "switching''  ability.  The  diminished  change 
In  polarization  is  retained  upon  returning  to  room  temperature  and  is  associated 
with  non-uniform  electric  fields  within  the  polymer  film.  These  effects  are 
attributed  to  space  charges  of  unknown  origin  which  develop  within  the  film 
as  opposed  to  being  injected.  The  charges  seem  to  be  "trapped"  by  the  oriented 
polymer  dipoles  because  their  effects  are  lost  upon  heating  the  copolymer  above  the 
ferroelectric  to  parael.ectric  transition  temperature. 
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Table  I.  Pyroelectric  response  and  remanant  polarization  for  VDF-TrFE 
copolymer  (65/35)  and  PVDF  of  various  crystal  forms 


Polymer  Film 

Maximum 

E, MV/cm 

tU  C/ cm 

2 

~  py,  nC/cm  K 

PVDF,  Form  I 

2 

4.8 

1.8 

PVDF,  Form  IV 

2 

5.8 

1.5 

PVDF,  Forms  I  &  IV 

2 

5.8 

2.2 

P(VOF-TrFE) ,  65/35 

0.8 

5.1 

2.9 

*Poled  at  23  °C  with  a  triangular  ramp  frequency  of  0.0167  Hz. 


W 
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Figure  1. 


Figure  2. 


Figure  3. 


Figure  4. 


Figure  5. 


Figure  6. 


Figure  Captions 

Electric  displacement  vs.  electric  field  atJ>3  °C  and  60 

seconds  per  cycle  (0.0167  Hz)  for  PVDF  in  different  crystal  forms  and 

a  65/35  P(VDF-TrFE)  copolymer.  —  Form  IV  PVDF;  _  Form 

I  PVDF;  Mixture  of  Forms  I  and  IV  PVDF;  - 65/35 

copolymer. 

Electric  displacement  vs.  electric  field  at  23  °C  for  three 

compositions  of  VDF-TrFE  copolymers.  -  65/35;  —  73/27; 

both  at  60  seconds/cycle  ....  52/48  from  reference  25  at  300 
seconds/cycle. 

Normalized  DSC  scans  at  10°/min  obtained  from  poled  (solid  line) 
and  unpoled  (broken  line)  portions  of  65/35  VDF-TrFE  copolymer. 

Normalized  DSC  scans  at  10  °C/min  obtained  from  poled  (solid 
line)  and  unpoled  (broken  line)  portions  of  73/27  VDF-TrFE  copolymer. 

Electric  displacement  vs.  electric  field  at  60  seconds  per  cycle 
for  a  65/35  VDF-TrFE  copolymer  at  the  temperatures  indicated.  The 
dashed  line  at  23  °C  refers  to  data  obtained  after  cycling  the  field 
at  70.3  °C. 

Polarization  (arbitrary  units)  as  a  function  of  film  thickness  in 
a  65/35  VDF-TrFE  copolymer  after  cycling  electric  field  near  70  °C 
as  deduced  from  thermal  pulse  data. 
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Figure  7. 


Figure  8. 


Figure  9. 


Electric  displacement  vs.  electric  field  at  60  seconds  per  cycle 
for  a  73/27  VDF-TrFE  copolymer  at  successively  higher  temperatures. 
At  69.8  °C,  the  hysteresis  loop  obtained  from  the  first  cycle  is 
shown  by  the  solid  line  while  results  from  the  second  cycle  and 
and  twentieth  cycle  are  shown  by  the  interrupted  lines  identified 
on  the  figure. 

Transient  charge  response  from  poled  films  of  73/27  VDF-TrFE 
copolymer  following  the  absorption  of  a  heat  pulse  on  one 
electrode,  (a)  After  initial  poling  at  25.4-  °C  under  the 
conditions  indicated  in  Figure  7.  (b)  After  20th  cycle  at 
69.8  °C  as  indicated  in  Figure  7.  Curves  1  and  2  in  each  case 
result  from  absorption  of  the  heat  pulse  on  opposite  electrodes 
of  the  same  sample. 

Electric  displacement  vs.  voltage  applied  across  the  system: 
tin  foil -mica  (7um)  -  73/27  copolymer  (65um)  -  mica  (5um)  - 
tin  foil.  Solid  line  obtained  initially  at  room  temperature 
and  broken  line  obtained  at  room  temperature  after  several 
cycles  at  48  °C. 
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Electric  displacement  vs.  electric  field  at  23  *C  and  60 

seconds  per  cycle  (0.0167-Hr)  for  PVDF  in  different  crystal  forms  and 

a  65/35  P(VDF-TrFE)  copolymer.  ---  Form  IV  PVDF;  ....  Form 

I  PVDF;  Mixture  of  Forms  I  and  IV  PVDF;  - 65/35 

copolymer. 


RPUia? 


for  a  65/35  VDF-TrFE  copolymer  at  the  temperatures  indicated.  The 
dashed  line  at  23  °C  refers  to  data  obtained  after  cycling  the  field 
at  702°C. 


Figure  6.  Polarization  (arbitrary  units)  as  a  function  of  film  thickness  in 
a  65/35  VDF-TrFE  copolymer  after  cycling  electric  field  near  70  °i 
as  deduced  from  thermal  pulse  data. 
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Figure  8.  Transient  charge  response  from  poled  films  of  73/27  VDF-TrFE 
copolymer  following  the  absorption  of  a  heat  pulse  on  one 
electrode,  (a)  After  initial  poling  at  25.4  #C  under  the 
conditions  indicated  In  Figure  7.  (b)  After  20th  cycle  at 
69.8  °C  as  indicated  in  Figure  7.  Curves  1  and  2  in  each  case 
result  from  absorption  of  the  heat  pulse  on  opposite  electrodes 
of  the  same  sample. 
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Electric  displacement  vs.  voltage  applied  across  the  system: 
tin  foil-mica  (7um)  -  73/27  copolymer  (65um)  -  mica  (Bum)  - 
tin  foil.  Solid  line  obtained  initially  at  room  temperature 
and  broken  line  obtained  at  room  temperature  after  several 
cycles  at  48  #C. 
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